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ABSTRACT 


To‘ determine  the  performance  and  quench 
behavior  of  a  large,  fully-potted,  NbTI 
superconductive  magnet,  a  0.61-m  test  coll  has 
been  constructed  which  contains  heaters, 
thermocouples,  and  strain  gauges  Installed  at 
various  winding  locations.  The  magnet  has  an 
Inductance  of  49  henries,  7502  turns  of  copper 
stabilized  NbTI  wire,  and  a  magnet  load-line 
critical  point  of  190  amperes  at  6.5  tesla.  The 
methods  and  techniques  used  to  construct  the 
fiber  glass  reinforced,  epoxy  Impregnated  magnet 
are  described.  The  results  of  the  electrical 
and  thermal  measurements  of  the  test  coll 
behavior  for  quenches  Initiated  at  various 
winding  locations  and  at  operating  currents  of 
up  to  150  amperes  are  presented.  The  laboratory 
measurements  results  are  compared  to  the  results 
obtained  from  the  QUENCH  computer  program 
simulation  of  this  magnet  to  assess  the  program's 
ability  to  describe  the  actual  quench  behavior  of 
the  magnet. 


ADMINISTRATIVE  INFORMATION 

The  work  described  In  this  report  was  performed  as  part  of  the  Advanced 
Electric  Drive  Program,  Task  Area  SF43431503,  Task  23044,  sponsored  by  the 
Naval  Sea  Systems  Command  (SEA  05R31).  The  work  was  performed  under 
Work  Unit  Number  2710-100  In  the  Electrical  Machinery  Technology  Branch  of  the 
Electrical  Systems  Division,  Propulsion  and  Auxiliary  Systems  Department  of 
the  Center. 

INTRODUCTION 

The  Navy  Is  currently  developing  the  technology  required  to  design  and 
build  advanced  d.c.*  motors  and  generators  for  ultimate  application  In  ship 
electric  propulsion  systems.  One  of  the  objectives  of  this  program  Is  to 
develop  a  compact  and  efficient  superconductive  electric  drive  system  for 
surface  ship  applications  of  up  to  58  MN  of  power  per  propeller  shaft.  The 
electric  motors  and  generators  In  the  superconductive  ship  drive  system  would 
be  acyclic,  d.c.  machines  that  will  use  superconductive  solenoldal  field 


Definitions  of  abbreviations  used  are  given  on  page  v. 


magnets  to  produce  the  high  density  magnetic  fields  required.  These  field 
magnets  will  be  wound  with  copper  stabilized,  NbTI  superconducting  wire,  will 
be  fully  potted,  and  reinforced  with  fiber  glass  cloth.  Besides  having  the 
advantage  of  high  overall  current  density,  this  magnet  construction  technique 
also  provides  a  mechanically  rigid  magnet  composite  to  prevent  relative 
conductor  motion  that  could  produce  frictional  heating  and  a  threat  to  magnet 
stability.  However,  fully-potted  magnets  do  have  several  Inherent  weaknesses 
that  can  limit  their  performance  and  reliability.  Large  stress  concentrations 
can  develop  within  the  windings  during  magnet  construction  and  Its  subsequent 
cool-down  to  4.2K.  These  stresses  represent  stored  energy  which  can  be 
released  when  the  magnet  Is  energized.  If  the  local  strain  developed  by  the 
magnetic  hoop  force  exceeds  the  failure  limit  of  the  epoxy,  the  epoxy  will 
crack  and  a  local  temperature  rise  will  develop,  resulting  In  a  possible 
quench  of  the  magnet.  Therefore,  the  magnet  must  be  wound  with  a  composite 
superconductor  having  a  sufficient  amount  of  copper  matrix  material  to  safely 
dissipate  the  energy  s.tored  In  the  magnetic  field  of  the  coll  during  a 
quench.  The  safe  dissipation  of  the  stored  energy  of  the  magnetic  field 
Includes  limiting  both  the  maximum  hot  spot  temperature  of  the  winding  and  the 
Internal  voltages  developed  to  values  compatible  with  the  magnets  materials  of 
construction. 

To  determine  the  performance  and  quench  behavior  of  a  large,  fully-potted, 
NbTI  superconducting  magnet,  a  0.61-m  test  coil  has  been  constructed.  This 
test  coll  Is  Instrumented  with  heaters,  thermocouples,  and  strain  gauges 
Installed  at  various  locations  In  Its  winding.  With  this  coll  a  quench  can  be 
purposely  Initiated  at  various  winding  locations,  and  the  electrical  and 
thermal  behavior  of  the  magnet  can  be  measured  during  the  quench  period.  This 
report  describes  the  design  and  construction  of  the  0.61-m  test  coll  and  the 
measurements  of  Its  performance  during  a  quench.  The  measured  quench  results 
are  compared  to  the  analytical  results  obtained  from  a  computer  analysis  using 
the  QUENCH  computer  program  to  determine  the  program's  ability  to  correctly 
predict  the  quench  behavior  of  a  large,  potted  superconducting  magnet. 

TEST  COIL  DESCRIPTION 

The  0.61-m  test  coll  Is  a  fully-potted,  vacuum-impregnated,  fiber  glass- 
reinforced  solenoid.  The  overall  dimensions  of  the  test  coll  are  shown  In 
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Figure  1.  The  physical  dimensions  of  the  finished  coll  are  61.21-cm  I.O., 
68.43-cm  0.0.,  and  15.24-cm  length.  The  coll  contains  46  layers  of  winding 
and  has  a  total  of  7,502  electrical  turns  of  copper  stabilized  NbTI 
superconducting  wire  and  a  total  Inductance  of  49  henries.  The 
superconducting  wire  contains  168  filaments  of  Nb48T1  superconductor  having  a 
twist  pitch  of  1.69  cm  and  has  a  c op per-to- superconductor  cross-sectional  area 
ratio  of  2  to  1.  The  wire  Is  rectangular  In  cross  section,  has  overall 
dimensions  of  0.660  by  0.914  mm,  and  Is  coated  with  Formar  Insulation 
approximately  13-microns  thick. 

TEST  COIL  CONSTRUCTION 

COIL  MINDING  SYSTEM 

The  test  coll  was  wound  on  a  specially  constructed  aluminum  coll  form 
shown  In  Figure  2.  This  coll  form,  with  the  addition  of  an  outer  cylindrical 
shell,  also  served  as  the  potting  chamber  for  Impregnating  the  completed  coll 
with  epoxy  resin.  A  modified  machine  lathe  equipped  with  a  variable  speed 
reversible  motor  was  used  to  turn  the  coll  form  to  wind  the  test  coll.  Mire 
winding  tension  was  developed  by  applying  reverse  torque  to  the  wire  supply 
reel  through  a  controllable  hysteresis  clutch  mechanically  attached  to  the 
supply  reel.  The  clutch  was  driven  by  a  fractional  horsepower  motor  In  a 
direction  opposite  to  the  supply  reel  rotation.  The  wire  was  cleaned  during 
the  coll  winding  process  by  drawing  It  through  a  cleansing  assembly  consisting 
of  a  liquid  Freon  jet  stream  and  several  felt  wiping  pads.  A  simplified 
drawing  of  the  superconductl ng  coll  winding  system  used  to  construct  the 
0.6l-m  test  coll  Is  shown  In  Figure  3. 

COIL  CONSTRUCTION  PROCEDURE 

Prior  to  winding  the  first  layer  of  wire,  three  layers  of  0.089-mm- thick, 
type  S,  fiber  glass  cloth  were  wound  onto  the  coll  form  mandrel.  Each  layer 
of  fiber  glass  was  made  with  an  Individual  strip  of  cloth  of  sufficient  length 
to  completely  cover  the  circumference  of  the  mandrel  with  approximately  a 
0.635-cm  overlap  at  the  ends.  The  widths  of  the  cloth  layers  were  selected  to 
allow  coverage  of  the  sides  and  outer  circumference  of  the  completed  winding 
with  a  0.635-cm  overlap  at  the  center  line  of  the  outer  coll  surface.  This 
complete  coverige  of  the  *  ,ace  of  the  wound  coll  Is  necessary  to 

provide  continuous  re1nfon.cr.ant  of  the  magnet.  After  the  Initial  layers  of 
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fiber  glass  cloth  were  wound  on  the  mandrel,  a  layer  of  superconducting  wire 
was  wound  over  the  fiber  glass  base.  The  Input  electrical  lead  and  the  first 
electrical  turn  of  the  coll  are  of  soldered  double-wire  construction. 
Similarly,  the  last  electrical  turn  and  exit  lead  of  the  completed  winding  are 
also  soldered  double  leads.  This  was  done  to  ensure  the  electrical -mechanical 
Integrity  and  performance  of  the  current  leads  of  the  magnet  which  are 
subjected  to  mechanical  abuse  during  magnet  construction  and  operation.  After 
the  first  layer  of  winding  was  completed,  a  layer  of  0.089-mm- thick  fiber 
glass  cloth  was  wound  onto  the  winding  layer.  Then,  the  next  layer  of  wire 
was  wound  over  the  layer  of  cloth.  This  winding  procedure  was  continued  with 
alternate  layers  of  wire  and  cloth  for  a  total  of  46  layers  and  7,502  turns. 
The  outer  surface  of  the  wound  coll  was  then  wrapped  with  multiple  layers  of 
0.089-mm- thick  fiber  glass  cloth  to  provide  an  external  hoop  force  restraint 
member  and  protection  for  the  outer  layer  of  superconducting  wire. 

The  wire  used  to  wind  the  test  coll  was  not  manufactured  In  a  single 
length  that  was  sufficient  to  complete  the  winding  of  the  coil.  The  coil 
winding  therefore  required  a  splice  at  the  first  turn  of  layer  42.  The  wire 
used  to  complete  the  winding  was  identical  to  and  manufactured  from  the  same 
billet  as  the  wire  of  the  previous  turns.  The  winding  was  spliced  over  one 
complete  turn  of  the  coll  with  the  two  wires  soldered  together  on  their 
sides.  Using  a  one-turn  splice  allowed  the  ends  of  the  two  superconducting 
wires  to  butt  with  a  minimum  void  in  the  coil.  Each  exposed  end  at  the  butt 
of  the  two-wire  splice  was  electrically  Insulated  with  varnish  to  eliminate 
the  possibility  of  a  shorted  turn. 

COIL  INSTRUMENTATION 

During  the  winding  of  the  test  coll,  wire  heaters,  thermocouples,  and 
strain  gauges  were  located  at  various  positions  about  Its  inner  bore  and  outer 
surface,  as  shown  In  Figure  4  and  described  in  Table  1.  The  heaters, 
thermocouples,  and  strain  gauges  located  on  the  inner  bore  of  the  magnet  were 
Installed  directly  In  physical  contact  with  the  first  layer  of  superconducting 
wire.  The  heaters,  thermocouples,  and  strain  gauges  located  on  the  outer 
surface  of  the  magnet  were  placed  on  the  first  layer  of  fiber  glass  cloth  that 
covers  the  last  layer  of  wire.  Therefore,  one  thickness  of  cloth  physically 
separates  the  heaters  and  sensors  from  the  final  layer  of  magnet  winding. 
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At  each  of  the  Instrumentation  set  location  numbers  designated  HI  through 
H9,  one  heater  consisting  of  bare  chromel  wire  25.4-mm  long  and  0  127 -mm 
diameter  was  Installed  In  the  coll  with  the  heater  axis  oriented  parallel  to 
the  wire  of  the  coll  The  current  leads  for  the  heaters  were  made  with  small 
diameter.  Insulated,  copper  wires  that  were  twisted  together  and  run, 
perpendicular  to  the  winding,  up  along  the  surfaces  of  the  inner  bore  (HI,  H2, 
H3)  and  the  outer  circumference  (H7,  H8,  H9),  exiting  the  magnet  structure  on 
the  same  coll  end  as  the  current  leads  of  the  maqnet  For  reference  purposes, 
the  current  lead  end  of  the  magnet  was  designated  the  top  of  the  coil ,  as 
shown  In  Figure  4.  At  each  instrumentation  location  containing  a  heater  one 
copper-constantan  (typeT)  thermocouple,  and  one  gold-chromel  (type  K) 
thermocouple  were  installed  In  close  proximity  with  the  heater  The  physical 
locations  of  the  thermocouples  are  given  In  Table  1.  The  thermal  reference 
junctions  for  both  the  copper-constantan  and  gold-chromel  thermocouples  were 
established  at  the  4.2K  liquid  helium  bath  temperature. 

In  addition  to  the  temperature  measuring  sensor,  strain  gauge  sensors  were 
located  on  the  Inner  bore  and  outer  circumference  of  the  coil  at  locations  S4, 
S5,  $6,  and  S10,  Sll,  S12,  as  shown  In  Figure  4  The  physical  locations  of 
the  strain  gauges  are  given  In  Table  1.  The  strain  gauges  used  are  two 
section,  orthogonal  reading,  120  ohm,  constantan  wire  strain  gauges  One 
sensing  section  of  each  strain  gauge  was  oriented  along  the  parallel  to  the 
wire  of  the  coil,  and  the  other  orthogonal  sensing  section  was  therefore 
oriented  perpendicular  to  the  wire  and  In  parallel  with  the  axis  of  the  coil. 
TEST  COIL  POTT IMG  PROCEDURE 

After  completion  of  the  winding  of  the  superconducting  test  coil,  a  metal 
cylindrical  shell  was  placed  around  the  coll  and  clamped  in  place  (see 
Figure  2  and  5).  The  combination  of  the  coll  form,  cylindrical  shell,  and 
0-rlng  seals,  as  shown  In  Figure  2,  served  as  the  potting  chamber  for  vacuum 
Impregnating  the  coll  winding  with  epoty  resin.  The  assembly  of  the  coil  and 
potting  chamber  was  wrapped  with  electrical  heater  tape  and  placed  In  a 
thermally  Insulated  box,  as  shown  In  Figure  6,  to  maintain  the  coll  at  a 
temperature  of  65°C  during  Its  potting  process. 
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The  Impregnant  used  to  pot  the  test  coil  is  composed  of  Ciba  6004*  epoxy 
resin  arid  Lindride  12*  and  Lindride  16*  hardner  mixed  in  equal  parts.  The 
proportions  of  resin  and  hardener  are  100  parts  to  85  parts  by  weight, 
respectively.  Before  mixing,  the  epoxy  components  were  first  heated  to  65°C 
and  vacuum  degassed  to  a  pressure  of  approximately  40  microns.  The  components 
were  then  mixed  together  In  ambient  atmosphere  at  a  temperature  of  65°C  for 
approximately  10  minutes.  This  mixture  was  degassed  to  a  pressure  of  40 
microns  and  then  piped  Into  the  coll  potting  chamber  which  had  been  evacuated 
to  a  pressure  of  approximately  10  microns.  After  the  completion  of  the  epoxy 
transfer,  the  pressure  of  the  potting  chamber  was  Increased  to  6.89  X  103  N/nr 
(100  psl)  using  nitrogen  cover  gas  to  force  the  Impregnant  Into  the  windings 
of  the  coll.  This  pressure  and  a  potting  chamber  temperature  of  65°C  were 
maintained  for  a  period  of  20  hours  to  cure  the  epoxy.  To  ensure  that  the 
epoxy  had  cured,  the  pressure  of  the  potting  chamber  was  reduced  to 
atmospheric  pressure,  and  Its  temperature  was  raised  to  80°C,  where  It  was 
maintained  for  an  additional  24  hours.  The  potting  chamber  was  allowed  to 
cool  to  room  temperature,  and  the  coll  was  removed  from  the  chamber.  All 
excess  epoxy  was  removed  from  the  coll,  and  It  was  then  machined  to  its  final 
dimensions.  A  photograph  of  the  test  coll  taken  upon  completion  of 
construction  and  removed  from  Its  coll  form  is  shown  In  Figure  7. 

To  provide  additional  mechanical  restraint  to  the  composite  of  the  coil, 
which  must  withstand  the  action  of  the  large  magnetic  forces  produced  in  the 
magnets  winding,  a  cylindrical  retaining  ring  (Figure  8)  was  fitted  over  the 
outer  surface  of  the  test  coll.  A  circular  disk  fabricated  from  0.635-cm- 
thlck  6061  aluminum  alloy,  (Figure  9)  was  attached  to  the  bottom  end  of  the 
outside  cylindrical  retaining  ring.  Another  circular  disk  (Figure  10) 
fabricated  from  0.635-cm-thlck,  laminated,  fiber  glass  sheet  was  attached  to 
the  top  end  of  the  cylindrical  retaining  ring.  This  disk  provided  a  mounting 
platform  for  the  Instrumentation  terminal  boards  used  for  connecting  the 
electrical  leads  of  the  coll  heaters  and  sensors  to  the  control  and  data 
acquisition  cables  of  the  laboratory  test  equipment.  A  photograph  of  the 

*C1ba  6004  Is  manufactured  by  Ciba  Products,  Co.,  N.J.;  Lindride  12  and 
16  hardeners  Is  manufactured  by  Llndan  Chemical,  Inc.,  Columbia,  S.C. 
Trade  names  are  used  to  define  the  material  and  do  not  Imply  any 
endorsement  of  products  by  DTNSRDC. 
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completed  test  coll  assembled  with  Its  restraint  members  Is  shown  In 
Figure  11. 

CURRENT  LEADS 

Each  of  the  current  leads  of  the  test  coll  winding  (soldered  double 
superconducting  wires)  were  soldered  In  parallel  with  a  1.59-cm-wide  length  of 
copper  braid.  This  parallel  combination,  0.91-m  In  length  for  each  lead, 
starts  at  the  point  where  the  winding  leads  physically  exit  the  magnet 
composite  and  terminates  above  the  coll  at  a  pair  of  vapor  cooled  leads.  The 
purpose  of  the  braided  material  Is  to  Improve  current  transfer  from  the 
ventilated  copper  rod,  vapor-colled  current  leads  to  the  superconducting 
magnet  wire. 

LABORATORY  MEASUREMENTS 

The  completed  test  coll,  assembled  In  Its  suspension-type  mount  with  its 
Instrumentation  cables  and  current  leads  connected  and  ready  for  installation 
In  a  open  mouth  dewar.  Is  shown  In  Figure  12.  Also  shown  is  a  heat  shield  for 
the  upper  portion  of  the  dewar  bore  made  from  stacked  alternate  layers  of 
plastic  foam,  cryogenic  Insulation,  and  sheets  of  super  insulation. 

For  the  experiments  the  test  coll  assembly  Is  Installed  In  Its  dewar,  and 
a  superconducting  magnet  power  supply  having  a  maximum  output  current  capacity 
of  180  amperes  Is  used  to  energize  the  test  coil.  The  magnet  load-line  for 
the  0.61-m  test  coll  and  Its  conductor  short  sample  characteristics  are  shown 
In  Figure  13.  As  can  be  seen  the  magnet  critical  point  at  4.zK  along  its  load 
line  Is  6.5  tesla  and  190  amperes. 

The  data  acquisition  system  for  the  experiments  consists  of  a  multiple- 
channel,  strip  chart  recorder  used  to  measure  and  record  the  magnet  operating 
current  and  the  winding  temperatures  of  the  magnet.  A  pulse  generator  and 
current  amplifier  were  used  to  deliver  a  current  pulse  of  known  energy  to  the 
heater  selected  to  Initiate  a  quench  of  the  magnet. 

Prior  to  performing  the  experiments  a  check-out  of  the  Instrumentation 
Installed  In  the  coll  revealed  that  the  Instrumentation  at  several  locations 
had  been  damaged  during  the  assembly  of  the  coll.  At  Instrumentation  location 
HI  the  heater  and  both  thermocouples  were  open  circuited.  At  locations  H2  and 
H3  the  heaters  were  short-circuited  to  the  copper/cons tantan  thermocouples, 
and  at  locations  H7  and  H8  the  copper/constantan  thermocouples  showed  an  open 
circuit.  The  heater  at  H2,  In  addition  to  showing  a  short  to  the  copper 


8 


constantan  thermocouple,  also  measured  a  lower  than  normal  resistance. 
Indicating  that  a  section  of  Its  length  was  shorted  through  the 
thermocouple.  The  heater  at  H3,  although  having  a  short  to  the  H3  copper 
construction  thermocouple,  measured  the  proper  resistance  and  was  considered 
operational.  However,  even  with  these  numerous  failures,  the  location 
redundancy  of  the  Instrumentation  design  provided  sufficient,  usable 
Instrumentation  at  the  magnet's  Inner  bore  and  outer  circumference  to  measure 
the  thermal  behavior  of  the  test  coll  during  a  quench. 

Listed  In  Table  2  are  the  test  runs  performed  to  measure  the  performance 
and  quench  behavior  of  the  0.61-m  test  coll.  Preliminary  tests,  though  not 
listed  In  the  table,  at  magnet  operating  currents  of  30  and  75  amperes  were 
performed  to  verify  magnet  and  data  acquisition  system  operation. 

After  being  quenched  for  run  1,  the  magnet  suffered  damage  to  Its  winding 
and  would  undergo  a  self  quench  when  energized  to  a  current  of  30  amperes  as 
Indicated  In  Table  2.  Subsequent  troubleshooting  of  the  magnet  revealed  that 
the  coll  contained  several  resistive  winding  shorts  at  various  locations  In 
the  first  two  winding  layers  (Inner  bore  region)  of  the  magnet.  The 
subsequent  examination  and  repair  of  the  magnet  Indicated  that  the  shorts  were 
the  result  of  electrical  arcing  caused  by  damage  to  the  magnet  wire 
Insulation,  which  apparently  occurred  during  magnet  construction.  In  addition 
to  repairing  the  magnet  winding,  the  heater  at  location  HI  was  replaced  by  a 
0.127-mm-dlameter  constantan  wire  heater  1.9  cm  In  length.  Also,  the 
copper/constantan  thermocouples  at  locations  HI  and  H2  were  replaced  with  new 
thermocouples  of  the  same  type. 

After  completion  of  these  repairs,  test  runs'  2,  3,  and  4  were  performed; 
after  run  4,  the  test  coll  again  developed  a  winding  short.  The  winding  short 
was  located  In  the  first  layer  of  winding  at  the  location  of  heater  HI. 
Apparently,  this  electrical  short  occurred  as  a  result  of  accidently  burning 
out  heater  HI.  A  failure  of  the  power  transistor  In  the  pulse  amplifier 
connected  to  heater  HI  allowed  a  high  value  of  current  to  flow  through  the 
heater  wire,  causing  It  to  overheat  and  burn  out.  This,  In  turn,  burned  the 
Insulation  of  the  magnet  wire,  and  an  electrical  short  developed  between  two 
adjacent  turns  at  the  heater  location.  The  magnet  was  repaired  by 
electrically  removing  the  shorted  turn  from  the  winding.  It  was  also  observed 
that  the  replacement  copper/constantan  thermocouples  Installed  at  locations  HI 


TABLE  2  -  0.6-METER  SUPERCONDUCTIVE  MAGNET 
SUMMARY  OF  TESTS 


Time  for  coll  current  to  decay  to  36.79%  of  Initial  current 


and  H2  during  the  first  Magnet  repair  had  pulled  away  from  the  surface  of  the 
Inner  bore;  thus,  they  Mere  In  poor  thermal  contact  with  the  magnet  winding. 
This  condition  was  corrected  and  the  magnet  was  then  successfully  operated  and 
purposely  quenched  using  heater  H3  for  test  runs  5  and  6  at  operating  currents 
of  135  and  150  amperes,  respectively.  The  test  evaluation  was  completed  with 
test  run  6.  At  tills  point,  the  magnet  operating  current  of  150  amperes 
represents  a  value  along  the  magnet  load  line  that  Is  80%  of  critical  current 
and  field,  which  Is  the  normal  operating  design  point  for  a  potted 
superconducting  magnet. 

A  plot  of  the  measured  coll  currents  for  magnet  quenches  for  runs  1 
through  6  Is  shown  In  Figure  14. 

LABORATORY  MEASUREMENT  RESULTS 

The  results  of  the  experiments  to  measure  the  quench  behavior  of  the 
0.61-m  test  coll,  (Table  2)  show  that  as  the  magnet  Is  quenched  at 
successively  higher  operating  currents  (thus  higher  values  of  stored  energy), 
the  measured  time  constant  (time  for  the  operating  current  to  drop  to  a  36.79% 
of  Its  Initial  value)  decreases.  This  clearly  Is  an  expected  result  since 
almost  all  of  the  stored  energy  In  the  magnetic  field  Is  dissipated  in  the 
copper  matrix  material  of  the  normal  regions  of  the  magnet's  superconducting 
wire.*  Therefore,  as  the  level  of  the  stored  energy  Increases,  the 
temperature  of  the  hot  spot  should  Increase,  more  wire  should  be  driven 
normal,  and  the  resistance  developed  In  the  winding  will  Increase,  resulting 
In  a  shorter  current  decay  time  constant.  The  Increase  In  measured  coll 
winding  temperature  for  Increasing  levels  of  magnet  stored  energy  Is  shown  In 
Table  2.  The  temperature  rises  presented  are  maximum  temperatures  measured 
for  each  run  regardless  of  whether  they  corresponded  to  the  location  of  the 
heater.  In  the  cases  of  runs  2,  3,  and  4,  the  thermocouples  were  not  In  good 
thermal  contact  with  the  winding  and  the  temperature  measurements  reflect  this 
condition,  when  compared  to  runs  5  and  6  where  the  thermal  contact  was  good. 
The  measurements  do  show  an  Increase  In  winding  temperature  for  magnet 
quenches  Initiated  at  higher  operating  currents.  For  the  quench  at  an 

~ *Dur1ng  a  quench,  the  superconducting  magnet  power  supply  limits  the  coll 
terminal  voltage  to  approximately  7  vdc.  The  amount  of  energy  absorbed 
by  the  power  supply  and  the  resistive  cables  and  connections  to  the 
magnet  Is  less  than  1%  of  the  total  energy  stored  In  the  magnet  field 
for  all  values  of  operating  current. 
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operating  current  of  150  amperes,  the  maximum  temperature  rise  of  the  coll  was 
99K.  A  100K  value  Is  the  traditionally  accepted  design  temperature  limit  for 
potted  superconducting  magnets. 


COMPUTER  PROGRAM  RESULTS 

The  QUENCH  computer  program,  developed  by  the  Rutherford  Laboratory  in 
England  and  modified  by  Robert  Lari  of  the  Argonne  National  Laboratory,  was 
used  to  analytically  determine  the  quench  behavior  of  the  0.61-m  test  coll. 
The  results  of  the  computer  simulation  were  then  compared  to  the  measured 
laboratory  results  to  determine  the  ability  of  the  computer  simulation  (and 
the  Information  provided  to  It)  to  accurately  compute  the  quench  behavior  and 
characteristics  of  the  test  coll. 

Presented  In  Table  3  Is  a  summary  of  the  computer  program  results  for  the 
0.61-m  test  coll.  Figure  15  Is  a  plot  of  the  magnet  current  for  the  computer 

TABLE  3  -  SUMMARY  OF  0.61-METER  SUPERCONDUCTIVE  MAGNET 
QUENCH  COMPUTER  PROGRAM  RESULTS 


HwSHU 

Stored  Energy 
(J) 

Max.  Temperature 
Rise  (k) 

ur~M*r.rr,uu.« 

HESSwIl 

Max.  Coll  Voltage 
(V) 

100 

245,000 

75.6 

1.4 

3,051 

120 

85.2 

1.15 

4,828 

130 

414.000 

89.5 

1.0 

5,948 

_ 15Q _ 

HESKSMI 

100.0 

0.82 

8.556 

simulated  quenches  at  the  operating  currents  shown.  These  analytical  results 
were  obtained  for  a  quench  Initiated  at  the  inner  bore  of  the  coil  at  each  of 
the  operating  currents  of  Table  2  and  Figure  15.  Comparison  of  the  computer 
quench  results  of  Table  3  to  the  measured  results  of  Table  2  shows  that  the 
time  constant  of  the  current  decay  Is  less  for  the  computed  results  for  each 
of  the  operating  currents.  Therefore,  for  each  of  the  coll  operating 
currents,  the  value  of  the  peak  Internal  voltage  developed  within  the  windings 
Is  greater  for  the  simulated  results  than  for  the  measured  results.  A  plot  of 
the  magnet  currents  during  a  quench  for  both  the  measured  and  QUENCH  computer 
program  results  are  shown  In  Figures  16  and  17  at  operating  currents  of  100 


and  150  amperes,  respectively.  As  can  be  seen  the  time  for  the  current  to 
decay  from  Its  Initial  value  to  a  36.78  %  value  Is  0.12  seconds  less  for  the 
QUENCH  computer  program  results  than  the  measured  results  for  a  quench  at  100 
amperes.  At  150  amperes  the  time  constant  for  the  QUENCH  simulation  current 
decay  Is  0.16  seconds  less  than  that  for  the  measured  coll  current  decay. 
Therefore,  In  terms  of  developed  Internal  winding  voltage,  the  results  of  the 
QUENCH  computer  program  can  be  considered  a  worse  case  condition.  One  reason 
for  the  difference  In  the  results  produced  by  the  computer  simulation  and 
those  actually  measured  Is  that  for  this  initial  effort  to  apply  the  QUENCH 
computer  program,  the  mutual  Inductances  of  the  aluminum  reinforcing  ring,  the 
lower  retaining  ring,  and  the  winding  of  the  test  coll  assembly  were  not 
Included  In  the  computer  simulation.  It  Is  planned  to  Include  these  mutual 
Inductances  In  the  computer  simulation  program  to  determine  their  effect  upon 
the  current  decay  of  the  test  coll  during  a  quench. 

Tables  2  and  3  show  the  measured  temperature  rise  of  the  test  coll  during 
a  quench  for  runs  5  and  6,  where  good  thermocouple  contact  with  the  coll 
existed.  Is  In  close  agreement  wl th  the  temperature  rise  predicted  by  the 
QUENCH  computer  program.  This  agreement  between  the  measured  and  predicted 
temperature  rise  Indicates  that  for  this  coll  design,  the  hot  spot  temperature 
developed  during  a  quench  Is  within  the  traditional  design  safely  limit  of 
10GK  for  potted  magnets. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  obtained  from  the  measured  quench  behavior  of  the  0.61-m  test 
coll  and  results  predicted  by  the  QUENCH  computer  program  Indicate  that  a  high 
current  density,  fully-potted  superconducting  magnet  can  be  designed  to  safely 
dissipate  the  energy  stored  In  Its  magnetic  field  without  the  need  for 
external  protection  devices.  For  the  0.61-m  test  coll  design,  the  dielectric 
strength  of  the  composite  Is  of  more  concern  than  the  hot  spot  temperature 
developed  during  a  quench.  The  construction  techniques  and  materials  used  to 
fabricate  the  0.61-m  test  coll  provide  for  a  measured  Iqyer-to-layer  voltage 
breakdown  level  of  12  kV.  Extrapolating  the  Internal  voltage  valves  of  both 
the  measured  quench  results  and  the  computer  simulation  results  Indicates  that 
tiie  Internal  voltage  amplitude  approaches  a  level  10  to  12  kV  for  a  quench  at 
the  loedllne  short  sample  of  190  amperes  and  6.5  tesla.  This  may  or  may  not 
be  a  problem,  depending  upon  whether  this  voltage  potential  exists  between  two 


adjacent  layers,  or  Is  distributed  across  several  layers  of  the  winding. 
Further  wort  Is  needed  to  determine  the  voltage  gradients  and  distribution  In 
the  0.61 -a  test  coll  during  a  quench. 

During  the  testing  of  the  0.61-m  test  coll,  no  evidence  of  magnet  training 
was  observed.  Although  the  magnet  suffered  several  self  quenches,  each  of 
these  could  be  attributed  to  Insulation  or  Instrumentation  problems  which 
apparently  developed  during  magnet  construction. 

The  emphasis  of  the  continuing  work  in  the  quench  behavior  of  large  potted 
superconducting  magnets  will  be  the  development  and  refinement  of  the  QUENCH 
computer  program.  The  Improvement  of  the  ability  of  this  simulation  to 
predict  the  quench  behavior  of  the  0.61-m  test  coll  will  result  In  its 
application  to  design  the  full-scale  superconductive  magnet  systems  for  the 
ship  electric  drive  motors  and  generators. 
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Figure  6  -  Test  Coll/Potting  Chamber  Assembly  Installed 
in  a  Thermally  Insulated  Box 
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Figure  15  -  QUENCH  Computer  Simulation  Coll  Current  Results 
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Figure  17  -  Comparison  of  Measured  and  QUENCH  Computer  Program  Results 

at  150  Amperes 
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DTNSRDC  ISSUES  THREE  TYPES  OF  REPORTS 

1.  DTNSRDC  REPORTS.  A  FORMAL  SERIES.  CONTAIN  INFORMATION  OF  PERMANENT  TECH¬ 
NICAL  VALUE.  THEY  CARRY  A  CONSECUTIVE  NUMERICAL  IDENTIFICATION  REGAROLESS  OF 
THEIR  CLASSIFICATION  OR  THE  ORIGINATING  DEPARTMENT. 

2.  DEPARTMENTAL  REPORTS.  A  SEMIFORMAL  SERIES.  CONTAIN  INFORMATION  OF  A  PRELIM¬ 
INARY.  TEMPORARY,  OR  PROPRIETARY  NATURE  OR  OF  LIMITED  INTEREST  OR  SIGNIFICANCE. 
THEY  CARRY  A  DEPARTMENTAL  ALPHANUMERICAL  IDENTIFICATION. 

3.  TECHNICAL  MEMORANDA.  AN  INFORMAL  SERIES.  CONTAIN  TECHNICAL  DOCUMENTATION 
OF  LIMITEO  USE  AND  INTEREST.  THEY  ARE  PRIMARILY  WORKING  PAPERS  INTENDED  FOR  IN¬ 
TERNAL  USE.  THEY  CARRY  AN  IDENTIFYING  NUMBER  WHICH  INDICATES  THEIR  TYPE  ANO  THE 
NUMERICAL  CODE  OF  THE  ORIGINATING  DEPARTMENT.  ANY  DISTRIBUTION  OUTSIDE  DTNSRDC 
MUST  BE  APPROVED  BY  THE  HE  AO  OF  THE  ORIGINATING  DEPARTMENT  ON  A  CASE  BY  CASE 
BASIS. 
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